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The kinetics of the oxidation of fully-reduced ba3 cytochrome c oxidase from Thermus thermophilus by oxygen were followed by time-
resolved optical spectroscopy and electrometry. Four catalytic intermediates were resolved during this reaction. The chemical nature and the
spectral properties of three intermediates (compounds A, P and O) reproduce the general features of aa3-type oxidases. However the F
intermediate in ba3 oxidase has a spectrum identical to the P state. This indicates that the proton taken up during the P→F transition does not
reside in the binuclear site but is rather transferred to the covalently cross-linked tyrosine near that site. The total charge translocation associated
with the F→O transition in ba3 oxidase is close to that observed during the F→O transition in the aa3 oxidases. However, the PR→F transition
is characterized by significantly lower charge translocation, which probably reflects the overall lower measured pumping efficiency during
multiple turnovers.
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The four-electron reduction of oxygen to water in living
organisms is catalyzed by terminal oxidases [1,2], which convert
redox energy into a transmembrane difference of proton
electrochemical potential (ΔμH
+ ) [3]. Cytochrome ba3 from
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doi:10.1016/j.bbabio.2007.09.010related heme-copper oxidases that can be divided into at least 3
large groups denoted as A-, B- and C-type differing in the
structure of proton channels and some other characteristics [4].
Whereas the most thoroughly explored canonical cytochrome c
oxidases like the aa3 enzymes from bovine heart, Paracoccus
denitrificans or Rhodobacter sphaeroides belong to type A, the
ba3 cytochrome c oxidase from T. thermophilus exemplifies the
B-type enzyme. This three-subunit protein is expressed under
limited oxygen supply and catalyses oxidation of a highly
specific electron donor, cytochrome c552, by molecular oxygen
[5]. Like the canonical cytochrome oxidases, ba3 contains four
redox-centers: low-spin heme b, high-spin heme a3 and two
copper centers (binuclear CuA and mononuclear CuB) [6,7]. CuA
and heme b are the input redox-centers, through which electrons
are transferred from cytochrome c552 into the oxygen-reducing
binuclear site [8,9].
The O2 reduction site of ba3 oxidase is formed by heme a3 and
CuB as in the canonical aa3 oxidases but nevertheless it reveals a
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towards exogenous ligands such as CN−, N3
−, SH−, CO, NO, and
H2O2 [8,10,11]. Thus, in cytochrome ba3 cyanide binds
preferentially to the ferrous heme a3 [11], while in the A-type
oxidases its ligation to the ferric heme a3 is very much stronger.
In contrast to A-type oxidases, the ferric ba3-enzyme does not
react readily with H2O2 or any other heme a3 ligands tested
(cyanide, azide, sulfide) and the binuclear center was postulated
to be “closed” in the oxidized enzyme, opening up after one
electron reduction [8]. The affinity of CuB to CO in the reduced
ba3 oxidase is about 100 times higher than that in cytochrome c
oxidase from bovine heart [12]. Some of the unusual ligand-
binding features of the ba3 oxidase from T. thermophilusmay be
shared by other B-type oxidases, such as an aa3-type quinol
oxidase from Acidianus ambivalens [13,14].
All known members of the heme-copper oxidase superfamily
are capable of pumping protons from the N- to the P-side of the
membrane against the transmembrane electrochemical gradient
of protons [4]. Three proton-conducting pathways were
resolved from the atomic crystal structure of cytochrome ba3
[6]. Two of these pathways are reminiscent of the previously
identified D- and K-pathways of cytochrome aa3 [6,15–17];
however the principal amino acid residues are not conserved
between cytochromes aa3 and ba3 [6]. For instance, the highly
conserved Glu-278 (P. denitrificans numbering or Glu-286 from
R. sphaeroides numbering) in the D-pathway of cytochrome
aa3 is exchanged to Ile-235 (T. thermophilus numbering), and
has been assumed to optimize the oxygen input channel [6]
crucial for survival at low oxygen concentrations.
Although cytochrome ba3 lacks most of the highly con-
served amino acid residues that form input proton channels in
the A-type oxidases, it nevertheless generates an electric trans-
membrane potential difference under steady-state conditions,
and pumps protons [18,19]. While 1 H+/e− is taken up from the
N-side of the membrane for water formation, cytochrome ba3
shows a reduced proton-pumping efficiency of 0.4–0.5 H+/e−
instead of 1H+/e− found in the canonical heme-copper oxidases
[4,18].
Despite of the known three-dimensional structure of cyto-
chrome ba3 [6,7,20], the mechanisms of proton pumping and
oxygen reduction in this enzyme are still poorly understood,
because there have been few time-resolved studies on electron
and proton transfer events during the catalytic cycle [8,9,12].
The aim of this work was to resolve the sequence of inter-
mediates of the catalytic cycle and to follow the transitions in
this cycle where proton translocation occurs. We used the flow-
flash method [21], which allows for a time-resolved study of the
reaction of the fully reduced enzyme with dioxygen.
When the oxygen reaction is initiated from the so-called
mixed valence (2-electron reduced) state of bovine enzyme,
formation of compoundA is followed by reduction of dioxygen
yielding the PM state with ferryl heme iron and cupric CuB. The
three out of four electrons required for oxygen reduction are
taken from the binuclear center, while the fourth electron is
delivered from a local tyrosine residue [22] that is covalently
bonded to one of the histidine ligands of CuB [23–25]. It is
believed that the delivery of the fourth electron to the dioxygenmolecule is accompanied by a proton that is provided by the
cross-linked tyrosine as well, resulting in a neutral tyrosyl
radical [26,27].
In the fully-reduced bovine cytochrome oxidase, binding of
O2 to heme a3 is followed by electron transfer from heme a to
the binuclear center with a time constant of ∼30–40 μs,
forming the PR state [28,29]. Both PM and PR are characterized
by a broken O–O bond, an oxo-ferryl state of heme a3, and the
same visible absorption spectrum (peak with maximum at
607 nm) with the only variation due to heme a oxidation in the
latter case [30,31]. Thus, the PR state is characterized by the
presence of an extra electron in the binuclear site that is assumed
to be transferred from heme a and to results in transient
formation of a tyrosinate [22,26,27,32]. As with PM, formation
of PR is not associated with proton uptake from the outside of
the protein [33].
Later, protonation of the binuclear center from the N-side of
the membrane with a time constant of ∼50–140 μs [28,34,35],
gives rise to the next compound, the F state with absorption
maximum at 580 nm. Formation of the F state is accompanied
by electron equilibration between CuA and heme a [28,36], and
is rate-limited by internal proton transfer from the conserved
Glu-286 (numbering from R. sphaeroides), followed by re-
protonation of Glu-286 from the N-side of the membrane [37].
During the next stage, electron transfer from the equilibrating
heme a/CuA pair to the binuclear center is accompanied by
proton uptake from the N-side to produce a water molecule in
the binuclear center and to complete formation of the fully
oxidized state (O). In addition, the PR→F and F→O tran-
sitions are both linked to proton pumping across the membrane
in the canonical oxidases [38]. Charge translocation across the
membrane can be directly monitored by the time-resolved
electrometric technique [39–43].
In this work, the kinetics of single-turnover oxidation of
fully-reduced ba3 cytochrome oxidase from T. thermophilus by
molecular oxygen were resolved spectroscopically for the first
time. Additionally, parallel kinetics of membrane potential
generation was followed and partial charge transfer events
determined which are coupled to the conversion of the
corresponding intermediates of the binuclear center. The data
obtained directly identify the transition A→PR→F in ba3
oxidase to be responsible for the lowered proton-pumping
efficiency of this enzyme.
2. Materials and methods
2.1. Enzyme preparation and reconstitution into phospholipid vesicles
Cytochrome ba3 was isolated from T. thermophilus HB8 cells as described
in [12,44]. The enzyme was reconstituted into vesicles by the Bio-Beads method
(SM-2 adsorbent; Bio-Rad, Hercules, CA) as described [45], except that the
concentration of CcO during reconstitution was increased to 5–8 μM.
2.2. Time-resolved measurement of electric potential generation
The development of electric potential across the vesicle membrane was
monitored by an electrometric technique [46], as adapted for time-resolved
experiments with CcO [41,43]. Details of the sample preparation and the
methodology can be found in [45].
Fig. 1. Reaction of the fully-reduced cytochrome ba3 from T. thermophilus with
oxygen at +23 °C. (A) Absorbance-time-wavelength surface of optical changes
after flash-induced dissociation of CO from the enzyme in the presence of O2.
Shown are the selected spectra taken at 0, 1, 4, 7, 10, 13, 19, 29, 39 μs, and
further with 15 μs increment. The direction of signal development in time is
indicated by arrows. The alpha region is 5-fold magnified. (B) Time course of
the reaction at 560 and 609 nm. Inset, the early part of the reaction. Conditions:
enzyme, 4.4 μM; O2, 1.1 mM; CO, 0.2 mM; DM, 0.05%; HEPES (7.4),
200 mM; sodium ascorbate, 0.3 mM; TMPD, 0.8 μM. All the concentrations are
final (after 1:5 mixing); optical path, 1 cm.
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Time-resolved multiwavelength absorption changes were followed by a
home-constructed CCD-based instrument. A pulsed 150-W xenon arc lamp
(Applied Photophysics, Surrey, UK) was used as the probe light source. Light
from the lamp was passed through an optical fiber to a three-syringe stopped-
flow module (SFM-300; Bio-Logic, Grenoble, France) equipped with a
fluorescence cuvette (TC-100/10F, optical path 10 mm) with the sample. The
light was further directed to a Triax-180 compact imaging spectrograph
(HORIBA Jobin Yvon, Edison, NJ), which delivers spectral imaging over a fast
kinetic CCD matrix (DV420-UV-FK; Andor Technology, Belfast City, Ireland).
This setup allows recording of absorption change surfaces with a time resolution
of 1–16 μs between the spectra. The reaction was initiated by a laser flash
(BrilliantB; Quantel, Les Ulis, France; frequency-doubled YAG, 532 nm, pulse
energy −120 mJ). Instrumental software for experimental setups was written by
Dr. N. Belevich (Helsinki, Finland).
2.4. Data analysis
The experimental kinetics were fitted by a model with four sequential
reactions [43]. MATLAB (The Mathworks, South Natick, MA) was used for
data analysis and presentation.
3. Results
In this work we used the flow-flash approach [21] for mea-
surements of either optical changes or electric potential
generation during the reaction of the fully reduced cytochrome
ba3 with oxygen. The reaction was initiated by photolysis of CO
from reduced enzyme in the presence of oxygen. After the laser
flash CO leaves heme a3 allowing oxygen to bind and begin the
oxygen reduction.
3.1. Kinetics of the reaction of ba3 oxidase with oxygen recorded
by optical spectroscopy
The reduced CO-equilibrated cytochrome ba3 was mixed in a
stopped-flow apparatus with an oxygen-saturated buffer at the
volume ratio 1:5. Very shortly (Δt=5 ms) after the mixing (to
preclude thermal dissociation of CO), CO was photodissociated
by the laser flash and the initiated oxygen reaction was mon-
itored by the kinetic CCD-based spectrophotometer (see
Materials and methods). This approach allowed us to collect a
surface of optical changes during the course of the reaction with
time resolution of 1 μs between individual spectra in the surface.
The complete set of optical changes during the oxygen reaction
makes it possible to extract individual spectra of kinetic phases,
and to separate kinetic intermediates during a single-turnover of
cytochrome ba3.
Fig. 1A shows a set of time-resolved absorption spectra
collected during the reaction of the fully-reduced cytochrome
ba3 with oxygen. The spectral surface was monitored up to
1.8 ms after starting the reaction. Fig. 1B shows the kinetic
curves that were extracted from the complete matrix of collected
spectra. The time course of the reaction of the fully-reduced ba3
oxidase with oxygen is shown at two characteristic wavelengths
560 (mostly heme b) and 609 nm (mostly heme a3). The
immediate response on the laser flash at zero time corresponds
to the CO photolysis (Fig. 1B, Inset), which is followed by a lag
phase of several microseconds. The three following phases arevery well seen in the kinetic curve at 560 nm and correspond to
the redox transition of heme b. During these transitions heme b
gets oxidized, re-reduced, and finally completely oxidized with
the same pattern as oxidoreduction of heme a in the oxygen
reaction of cytochrome aa3 [28,47,48]. In the sequence of
events in cytochrome aa3 these phases were assigned to the
A→PR, PR→F, and F→O transitions. In contrast, the kinetic
curve at 609 nm looks like it consists of two components only
(rise and monophasic decay). To verify the number and the
nature of kinetic components we made a global fit of the
obtained data. The experimental surface has been fitted by a
model with four sequential reaction steps [43].
3.1.1. The first transition (R→A)
The first intermediate in the reaction of bovine cytochrome c
oxidase with oxygen is the ferrous-oxygen adduct (compound
A), discovered and characterized for the first time by Chance
and coworkers [49]. Fig. 2A shows the spectrum of the first
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cytochrome ba3 with oxygen. The trough near 615 nm reflects
the disappearance of unliganded reduced heme a3. This process
is accompanied by an absorption increase at 595 and 560 nm,
corresponding to the α and β bands of the ferrous-oxygen
adduct (compound A) of bovine cytochrome c oxidase [50,51].
The difference spectrum of the first intermediate in the Soret
region also reproduces the spectral features of the oxy-complex
in the bovine enzyme [29]. The trough at 445 nm indicates
disappearance of the unliganded reduced heme a3 during
binding of oxygen. The ratio of the amplitude of this trough to
the amplitude of CO-photolysis at 445 nm allows us to estimate
the fraction of the enzyme that produces the oxy-complex. The
estimated yield of compound A in cytochrome ba3 is signif-
icantly smaller than in bovine aa3 (∼40% of the photolyzed
enzyme instead of ∼62% [29]).
The time constant of compound A generation in cytochrome
ba3 is 5.3 μs (k1=1.9×10
5 s−1) at an oxygen concentration ofFig. 2. Optical spectra of kinetic components in the reaction of fully-reduced
cytochrome ba3 with oxygen. (A) First component of the reaction, τ ∼5 μs.
(B) Second component, τ ∼13 μs. (C) Third component, τ ∼30 μs. (D) Fourth
phase, τ ∼740 μs. The alpha region is 4-fold magnified. Conditions as in Fig. 1.1 mM (for comparison, ∼8 μs in bovine enzyme [29]). The
measurement of the rates of compoundA generation at different
O2 concentrations gives a second order rate constant kon=
1.7×108 M−1 s−1, which is very close to the values obtained for
cytochrome aa3 from bovine heart and R. sphaeroides [29,48].
3.1.2. The second transition (PR generation)
Fig. 2B shows the spectrum of the second phase, which
develops with a characteristic time constant of 13 μs. The
trough at 560 nm together with the peak at 612 nm clearly point
to the oxidation of heme b as well as to the formation of PR. The
trough at 445 nm verifies oxidation of the reduced unliganded
state of heme a3 (R) in a significant population of the enzyme,
and undoubtedly indicates a mixture of rapidly equilibrated A
and R states that decay into PR during this phase of the reaction.
The formed PR state has a peak at 612 nm that is about 5 nm
red-shifted compared to cytochrome aa3 from bovine heart
[52,53] which complieswith the red-shifted position of the ferrous
heme a3 α-band in T. thermophilus oxidase relative to bovine
enzyme. The extinction coefficient ε612–630=11 mM
−1 cm−1 is
the same as for the bovine enzyme [53]. It should be mentioned
that this is the first observation of aP-like state in cytochrome ba3,
because this enzyme has unusual properties of the binuclear center
and does not form notable amounts of the P state in steady-state
experiments with H2O2 or a CO/O2 mixture [8].
The generation of PR in cytochrome ba3 is associated with
synchronous oxidation of the low-spin heme b, like the oxidation
of heme a in cytochrome aa3. The amplitude of the trough
at 560 nm indicates practically complete oxidation of heme b
(∼95%).
To summarize, the electron transfer duringA→PR transition
in ba3 oxidase consists of the same events as in the A-type aa3
oxidases, i.e. oxidation of the low-spin heme and formation of
the oxy-ferryl form of heme a3.
3.1.3. The third transition (“PR→F”)
Fig. 2C shows the spectrum of the third component in the
reaction, developed with the time constant of about 30 μs, which
is slightly faster than obtained for cytochrome aa3 from bovine
heart and P. denitrificans [35,48]. In case of A-type cytochromes
aa3 this reaction step results in formation of the F state of the
binuclear center (peak at 580 nm) from the PR state (peak at
607 nm). Such changes of the visible spectra are accompanied
with synchronous electron transfer from CuA to the low-spin
heme a, that, in turn, is triggered by protonation of the binuclear
center from the N-side of the membrane [54]. In addition, this
kinetic phase is coupled to the pumping of approximately 1
proton across the membrane [42,43,55]. In contrast, in ba3 there
are no spectroscopic indications of F state (580 nm) formation
and disappearance of the P state (607 nm) during this kinetic
phase. Furthermore, the spectral features of the F580-like
intermediate were not resolved at any point of the kinetics of
the cytochrome ba3 reaction with oxygen. Thus while the PR
state is very hard to trap in cytochrome aa3, as it is transient and
rapidly converts to F580 [30], in cytochrome ba3 the opposite is
true and only the spectrum of PR state could be observed during
oxidation of the enzyme. It is noted, that when ba3 oxidase is
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very slowly with a “normal” α-band at 583 nm [8].
At the same time, complete re-reduction of the low-spin
heme b by CuA is clearly observed during this phase.
3.1.4. Fourth transition (O generation)
The final step in the oxygen reduction kinetics of cytochrome
ba3 includes disappearance of the F state with the P-like
spectroscopic characteristics (maximum at 612 nm), and
simultaneous accumulation of the fully oxidized state of heme
a3 (O state). The kinetic spectrum of this phase has troughs at
560 and 612 nm, which together with the rise of the charge-
transfer band at 660 nm indicate that the formation of O
correlates with decay of theF intermediate occurringwith arrival
of the electron to the binuclear center from heme b (Fig. 2D). In
contrast to cytochrome aa3 where the last electron is transferred
to the binuclear center from the equilibrated (60%:40%) heme a/
CuA couple, in ba3 oxidase the required electron arrives entirely
from heme b in agreement with the complete redistribution of
this electron from CuA to heme b during the previous reaction
step. The characteristic time of this transition is about ∼700–
750 μs (k ∼1300 s−1), which is once again very similar to the
rate of the F→O transition in cytochrome aa3 under similar
conditions (k ∼1000 s−1) [28,35].
3.2. Time-resolved flow-flash electrometric measurements on
cytochrome ba3
Fig. 3 shows the kinetics of membrane potential generation
in a single turnover of ba3 oxidase. As before, oxygen was
added to the CO-inhibited enzyme in the dark directly before the
laser flash. The overall pattern of the electrometric response of
the ba3 oxidase incorporated into proteoliposomes is similar toFig. 3. The kinetics of membrane potential generation (in black) during the
reaction of fully reduced cytochrome ba3 with oxygen. The theoretical fit to the
data is shown in grey. The fit gives the following parameters for the model curve:
k1=190 ms
−1 (amplitude=0 mV), k2=90 ms
−1 (0.69 mV), k3=21.9 ms
−1
(4.33 mV), k4=1.84 ms
−1 (6.55 mV), k5=0.56 ms
−1 (0.35 mV). Conditions:
100 mM HEPES (pH 8), 50 mM glucose, 50 μg/ml catalase, 120 μg/ml glucose
oxidase, 10% CO mixture with argon. Reaction started after 1.4 s from the
beginning of injection of 100 μl of oxygen saturated buffer.that obtained earlier for bovine cytochrome aa3 [41,43], and
consists of four kinetically distinguishable components. A
microsecond lag-phase is followed by three components of
membrane potential development, corresponding to transfer of
a positive charge through the enzyme from the N- towards the
P-side of the liposomal membrane.
The total amplitude of the electric response was significantly
reduced (∼12–15 mV) as compared to the typical values of
∼60 mV for cytochrome aa3 (assuming that the amount of the
ba3 and aa3 enzymes per vesicle is the same due to identical
reconstitution procedure); this is mainly due to the relatively fast
rate of spontaneous CO dissociation from heme a3 in the dark in
cytochrome ba3 (koff=0.8 s
−1 [12]). As a result, a considerable
amount of the enzyme reacts with O2 already before the laser
flash and the observed amplitude of the photoinduced
electrogenic response is strongly dependent on the delay
between the oxygen addition and the subsequent laser flash.
Measuring the amplitude of the photoelectric response with
different time delays, we were able to determine the rate constant
of spontaneous CO dissociation from heme a3 for the current
experimental conditions, koff, as ∼0.71 s−1 in good agreement
with the data in [12]. Taking into account the value of koff and the
delay between the oxygen addition and the laser flash, the total
amplitude of the electrogenic response for the entire reacting
population of enzyme can be estimated as 32±4 mV.
As in bovine cytochrome aa3, the ∼5–6 μs lag-phase in the
photoelectric trace of cytochrome ba3 corresponds to the elec-
trically silent release of CO, binding of oxygen and formation of
compoundA. The second phase of the electrometric response of
cytochrome ba3 has a time constant of about 11 μs, which
corresponds to the time constant of the A→PR transition in the
optical measurements. The amplitude of this phase is small
compared to the next two phases (approximately 6% of the
overall amplitude).
The main part of the potential generation (about 90%) is
formed by the third (∼45 μs, ∼36%) and fourth (∼550 μs,
∼55%) electrometric phases, which can be assigned to the third
and fourth transitions in the optical measurements. There is also
a minor fifth phase with a very small amplitude (∼3% of the
total response) and a time constant of ∼2.5 ms, which is very
close to the published turnover number (250 s−1) for this
enzyme [5] and may therefore be the rate-limiting step of the
catalytic cycle. In general, the rates and the large relative
amplitudes of the third and fourth components of the
electrometric response correlate well with the characteristics
of the PR→F and F→O transitions of the bacterial A-type
cytochromes aa3, where both these steps include uptake of a
“chemical” proton from the N-phase into the binuclear center
and pumping of approximately 1 proton across the membrane.
However, while in cytochrome aa3 the PR→F and F→O
transitions contribute equally to membrane potential develop-
ment [43], the third component in ba3 oxidase corresponding to
the PR→F step has an amplitude of only ca. 60% of the sub-
sequent slow phases.
To define the number of charges translocated across the
membrane during the single- turnover measurement, the
electron “back-flow” reaction (electron redistribution in the
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in the absence of oxygen) was studied. Photodissociation of CO
results in lowering of the midpoint redox potential of heme a3
and drives a redistribution of electrons in the enzyme with
establishment of a new equilibrium.
Fig. 4 shows the kinetics of electron back-flow in ba3 oxidase
monitored by optical spectroscopy at the reduced heme a3 band
(445 nm, black line), and by electrometric measurements (gray
line). The kinetics of absorption changes at 445 nm start with an
unresolved jump, caused by CO dissociation from heme a3 and
formation of unliganded reduced heme a3. The subsequent
absorption decrease with a time constant of 30–50 μs reflects
electron departure from heme a3. Assuming the extinction
coefficients at 445 nm of 67 mM−1 cm−1 for the absorption
changes induced by CO photolysis and 82.3 mM−1 cm−1 for
oxidation of heme a3 [56], we can calculate the fraction of heme
a3 oxidation during the backflow reaction to be about 4.2%.
The observed amplitude of electron backflow in ba3 oxidase
was maximal in the 3-electron reduced enzyme, which is similar
to cytochrome aa3 [43,57]. This increase of the electron
backflow from heme a3 to CuA in cytochrome aa3 was
attributed to lowering of the midpoint redox potential of heme
a3 due to anticooperative redox interaction with the reduced
heme a [43]. The characteristic rate of electron backflow in ba3
oxidase is similar to the rate of electron transfer between CuA
and heme b found in electron photoinjection experiments
(∼20 μs) [8], which confirms that the phase recorded at 445 nm
is due to electron transfer from heme a3 to CuA.
The potential generation during electron backflow has two
phases. The fast phase (30 μs) corresponds to a transfer of
negative charge through the enzyme towards the P-side of the
membrane with a characteristic time very similar to that ob-
served in the optically monitored backflow. Since both hemes
are located approximately at the same depth in the membrane
[6], the transient electron transfer between them is electrome-Fig. 4. The kinetics of electron backflow in ba3 oxidase monitored by optical
changes at heme a3 reduced band (445 nm, in black, right axis) and by
electrometric measurements (grey, left axis). Optical measurements were carried
out on the detergent-solubilized enzyme. Conditions: 7 μM ba3 cytochrome
oxidase, 0.1% DM, 0.1 M HEPES (pH 7.4), 1 atm CO, light path 1 cm.
Electrometric conditions were as on Fig. 3.trically silent; thus the detected electrogenic response results
from the electron equilibration between heme a3 at the binuclear
center and CuA at the P-surface of the enzyme [6]. From the
amplitude of the charge translocation in the fast phase of electron
backflow (0.15 mV), under the assumption that it is not coupled
to any proton movement like in aa3 oxidase, we can estimate the
amplitude of electrogenic phase corresponding to electron
transfer between heme a3 and CuA in 100% of the photoactivated
ba3 oxidase as 0.15 mV/0.042=3.6 mV.
From the general similarity of 3D structures of ba3 and aa3
oxidases, the dielectric distance between heme b and CuA may
be estimated as 0.32 of the total membrane dielectric [55]. Hence
the amplitude of the electrometric response upon transfer of a
single charge across the entire membrane dielectric is 3.6/0.32
∼11.3 mV. The total amplitude of charge translocation during
the reaction of fully reduced cytochrome ba3 with oxygen is
about 32 mV, which corresponds to transfer of 32/11.3 ∼2.8
charges across the membrane. The same approach applied to
cytochrome aa3 gives translocation of 3.5–3.7 charges [55]. The
lower H+/e− stoichiometry of charge translocation by ba3
oxidase correlates well with the smaller proton pumping
efficiency of ba3 oxidase in multiturnover experiments [18].
The slow phase of charge translocation during electron
backflow has a time constant of about 330 μs. By analogy with
A-type cytochromes aa3 [58,59], this phase can be assigned to
proton release from the binuclear center towards the N-side of
the membrane following oxidation of heme a3.
4. Discussion
The optical and electrometric techniques used in this work
allow to identify the intermediate states and to resolve the
associated proton and electron movements during reaction of
oxygen with the fully reduced cytochrome ba3. Analysis of the
spectral changes together with of the kinetics of charge trans-
location across the membrane makes it possible to conclude that
the mechanism of oxygen reduction to water by the B-type ba3
and A-type aa3 oxidases is essentially similar, but not identical.
Four very similar redox steps with similar rate constants have
been resolved in both enzymes. However, there are two mech-
anistically important differences. First, the kinetically defined F
state of ba3 oxidase does not show the absorption peak at 580 nm
as is typical of Compound F in the canonical aa3-type oxidases
and as observed in H2O2-treated ba3 under static conditions [8],
but retains spectral characteristics of the preceding intermediate
P. Second, oxidation of ba3 oxidase is less electrogenic than
oxidation of aa3 oxidases from P. denitrificans or bovine heart,
mainly due to lower electrogenicity of the PR→F step. These
differences reveal important diversity between the molecular
mechanisms of the two types of enzymes.
4.1. The R→A transition
The first resolved intermediate in the oxygen kinetics of ba3
oxidase is the oxy-complex (Fig. 5). Its yield of formation is
relatively small, only about 40% of the photolyzed enzyme. To
explain such a low yield it is necessary to take into account the
Fig. 5. Reaction scheme. The rhombus and square represent heme b and a3, respectively. The circle above the hemes represents CuA, while the circle next to heme a3
represents CuB. The filled circles/rhombuses indicate reduced state of the current redox center. The dashed arrows indicate electron and proton transfers during the
subsequent reaction step.
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a3. These reactions include CO release from heme a3 via CuB
which is followed by oxygen binding to heme a3 in a manner
similar to cytochrome aa3 [29,60]. The equilibrium constant of
CO dissociation from CuB in cytochrome ba3 is significantly
smaller than in cytochrome aa3 [12] which may explain the
decreased yield of compound A. The model to describe the
reaction after the laser flash can be written as:
a2þ3 Cu
þ
B  CO X
K1 a2þ3 Cu
þ
B X
K2 a2þ3 Cu
þ
B  O2 X
K3
a2þ3  O2CuþBY
k
a4þ3 ¼ O2Cu2þB
so that A½  ¼ a3  O2CuB½  ¼ 11þ K3 þ K2K3 þ K1K2K3 ;
K1 ¼ k1 CO½ =k1;K2 ¼ k2=k2 O2½ ;K3 ¼ k3=k3 Scheme 1
From this, one can see, that the yield of compoundAmay be
decreased not only because of high value of K3 (equilibrium
constant of oxygen jumping between heme a3 and CuB), but
also due to a high value of K2N1 (oxygen prebinding to CuB as
in cytochrome aa3 [29]), or a high value of K1. The small value
of Kd for CO dissociation from CuB in cytochrome ba3 [12]
raises the value of K1 in Scheme 1, because K1=Kd(CO–
CuB)×[CO], whereby K1 assumes a value of ∼10.4.2. The A→PR transition
The PR state is easily resolved in ba3 oxidase due to clear
increase of absorption at 612 nm during the second transition as
it is not masked by heme a oxidation as in the aa3 oxidases. It is
evident from the spectral changes that during the A→PR
transition the oxy-complex is reduced by the electron from
heme b with one more electron delivered from CuB (the latter,
by analogy with the canonical aa3 oxidases). As a result of
electron transfer to the binuclear center, the O–O bond must be
broken with formation of the oxy-ferryl form of heme a3
(FeIV=O). The PR state formed has practically the same spectral
characteristics as in the aa3 oxidases [28], indicating the same
structure of the binuclear center as in the PR state of aa3.In aa3 oxidase vectorial charge movement during theA→PR
transition amounts to transfer of one electrical charge across
about 30% of the membrane dielectric [57]. This charge
translocation was suggested to be due to internal transfer of a
proton from Glu-278 (P. denitrificans numbering) to an un-
identified acceptor above the heme groups, which is the initial
step of the proton pump mechanism [61,62]. The phase of PR
formation in ba3 oxidase is coupled with proton translocation
through a fraction of the membrane dielectric estimated to be
0:68 mVðamplitude of the phaseÞ  2:8 ðnumber transferred chargesÞ
12 mVðtotal amplitudeÞ ¼ 0:16
which is smaller that in cytochrome aa3 and corresponds to
translocation of 1 charge across about 4 Å assuming a 25-Å
dielectric thickness of the membrane. It is worth mentioning that
Glu-278 is not conserved in ba3 oxidase, and, therefore, cannot
participate in this electrogenic event. At the same time breaking
the oxygen–oxygen bond during the P formation requires
delivery of a proton to the catalytic site. One of the possible
donors of the required proton can be tyrosine 237 (the one that
forms a covalent bond with CuB-bound histidine) located below
CuB at about a suitable distance (step 2 in Fig. 5).
4.3. The PR→F transition
The next step in bovine and bacterial aa3 oxidases is the
PR→F transition. It is assumed that in aa3 oxidase, the electron
transfer from CuA to the low-spin heme a is triggered by the
compensating proton transfer from the N-phase. The change of
the α-band spectrum of the ferryl compound of heme a3 during
the PR→F transition (shift of the peak from 607 to 580 nm)
suggests that the proton arrives in the vicinity of heme a3, most
likely to the CuB bound hydroxyl [63].
As described above, formation of intermediate F with a peak
at 580 nm was not observed during the single-turnover of ba3
oxidase, although the F state of ba3 oxidase with a maximum at
583 nm can be formed upon H2O2 treatment under steady-state
conditions. However, the transition of the PR state to an F-like
compound was kinetically resolved as witnessed by the re-
reduction of the low-spin heme b. The absence of spectral
1390 S.A. Siletsky et al. / Biochimica et Biophysica Acta 1767 (2007) 1383–1392changes of heme a3 during this phase suggests that the proton
taken up from the N-phase does not arrive at the binuclear
center, but rather to some nearby group that does not perturb the
spectrum of heme a3. This group may be the covalently bonded
Tyr-237 that was deprotonated in the preceding A→PR step.
The amplitude of potential generation during the PR→F
transition in ba3 oxidase corresponds to translocation of a single
charge across the 4.3 mV×2.8 charges / 12 mV=1, i.e. through
the complete span of the membrane dielectric. Since in ba3
oxidase, the electron is almost completely transferred from CuA
to heme b during heme b re-reduction, it is possible to estimate
that the proton uptake from the N-phase into the binuclear center
occurs across a 1.00–0.32=0.68 fraction of the dielectric. This
amplitude is in agreement with the spatial position of Tyr-237 in
the membrane. Hence, the amplitude of the potential generation
during thePR→F transition (translocation of 1 charge across the
entire membrane thickness) is due to transfer of an electron and
the chemical proton only and is not coupled to proton pumping.
The absence of proton pumping during the A→PR→F
transition in ba3 oxidase can explain the low stoichiometry of
proton pumping (H+/e−=0.5) by liposome-reconstituted ba3
oxidase described in [18,19]. The sequence of events during the
PR→F transition is shown as a third step in Fig. 5. It is of
obvious interest whether missing the proton pumping step
coupled to the A→PR→F transition is a general feature of B-
type oxidases with their loosely organized D-channel.
4.4. The F→O transition
During the F→O transition in cytochrome aa3 the electron
shared by redox-equilibrated low-spin heme a and CuA is
transferred to the binuclear center. The transfer of the fourth
electron to the binuclear center is the slowest step during oxy-
gen reduction in the A-type aa3 oxidases, and includes
disappearance of Compound F with concomitant formation of
the fully oxidized state of heme a3. Very similar events are
observed here in the time-window corresponding to the F→O
transition in ba3 oxidase, except for the peculiar spectral pro-
perties of the F state. Electron transfer from the low-spin heme
b to the binuclear center drives formation of O from the F state
(Fig. 5) that was produced in its turn from the PR state during
the previous reaction step, but still retained spectral features of
the P state.
The amplitude of the charge translocation during the F→O
step consists of transfer of both pumped and chemical protons.
The proton for pumping is taken up from the N-side and is
translocated all the way across the dielectric. At the same time
uptake of the chemical proton to the binuclear site from the same
side of the membrane for oxygen reduction accounts for transfer
of additional charge across about a 0.7 fraction of the membrane.
Consistent with this, the electrogenic amplitude during the
F→O transition is 1.6 times higher than during PR→F. The
number of charges translocated during the F→O transition in
ba3 oxidase is roughly the same as during the same phase in aa3
oxidase, which implies the same general mechanism of proton
pumping coupled to transfer of the 4th electron for the two types
of oxidases.Acknowledgments
This work was supported by Biocentrum Helsinki, the Sigrid
Jusélius Foundation, and the Academy of Finland (to M.W., and
M.I.V.), Howard Hughes Medical Institute (International Schol-
ar Award 55005615 to A.A.K), Civilian Fund for Research and
Development (Grant RUB-1-2836-MO-06 to A.A.K.), Russian
Fund for Basic Research Grant (06-04-48608 and 01-04-49330
to S.A.S.). Science Foundation Ireland (BICF685 to T.S.).
References
[1] S. Ferguson-Miller, G.T. Babcock, Heme/copper terminal oxidases, Chem.
Rev. 7 (1996) 2889–2907.
[2] M. Wikström, Cytochrome c oxidase: 25 years of the elusive proton pump,
Biochim. Biophys. Acta 1655 (2004) 241–247.
[3] M.K. Wikström, Proton pump coupled to cytochrome c oxidase in
mitochondria, Nature 266 (1977) 271–273.
[4] M.M. Pereira, M. Santana, M. Teixeira, A novel scenario for the evolution
of haem-copper oxygen reductases, Biochim. Biophys. Acta 1505 (2001)
185–208.
[5] T. Soulimane, M. von Walter, P. Hof, M.E. Than, R. Huber, G. Buse,
Cytochrome-c552 from Thermus thermophilus: a functional and crystal-
lographic investigation, Biochem. Biophys. Res. Commun. 237 (1997)
572–576.
[6] T. Soulimane, G. Buse, G.P. Bourenkov, H.D. Bartunik, R. Huber, M.E.
Than, Structure and mechanism of the aberrant ba3-cytochrome c oxidase
from Thermus thermophilus, EMBO J. 19 (2000) 1766–1776.
[7] L.M. Hunsicker-Wang, R.L. Pacoma, Y. Chen, J.A. Fee, C.D. Stout, A
novel cryoprotection scheme for enhancing the diffraction of crystals of
recombinant cytochrome ba3 oxidase from Thermus thermophilus, Acta
Crystallogr., D Biol. Crystallogr. 61 (2005) 340–343.
[8] S. Siletskiy, T. Soulimane, N. Azarkina, T.V. Vygodina, G. Buse, A.
Kaulen, A. Konstantinov, Time-resolved generation of a membrane
potential by ba3 cytochrome c oxidase from Thermus thermophilus.
Evidence for reduction-induced opening of the binuclear center, FEBS
Lett. 457 (1999) 98–102.
[9] O. Farver, Y. Chen, J.A. Fee, I. Pecht, Electron transfer among the CuA-,
heme b- and a3-centers of Thermus thermophilus cytochrome ba3, FEBS
Lett. 580 (2006) 3417–3421.
[10] K.K. Surerus, W.A. Oertling, C. Fan, R.J. Gurbiel, O. Einarsóttir, W.E.
Antholine, R.B. Dyer, B.M. Hoffman, W.H. Woodruff, J.A. Fee, Reaction
of cyanide with cytochrome ba3 from Thgermus thermophilus: spectro-
scopic characterization of the Fe(II)a3–CN.Cu(II)B–CN complex suggests
four 14N atoms are coordinated to CuB, Proc. Natl. Acad. Sci. U. S. A.
89 (1992) 3195–3199.
[11] W.A. Oertling, K.K. Surerus, O. Einarsdóttir, J.A. Fee, R.B. Dyer, W.H.
Woodruff, Spectroscopic characterization of cytochrome ba3, a terminal
oxidase from Thermus thermophilus: comparison of the a3/CuB site to that
of bovine cytochrome aa3, Biochemistry 33 (1994) 3128–3141.
[12] A. Giuffre, E. Forte, G. Antonini, E. D'Itri, M. Brunori, T. Soulimane, G.
Buse, Kinetic properties of ba3 oxidase from Thermus thermophilus: effect
of temperature, Biochemistry 38 (1999) 1057–1065.
[13] T.K. Das, C.M. Gomes, T.M. Bandeiras, M.M. Pereira, M. Teixeira, D.L.
Rousseau, Active site structure of the aa3 quinol oxidase of Acidianus
ambivalens, Biochim. Biophys. Acta 1655 (2004) 306–320.
[14] M.M. Pereira, M. Teixeira, Proton pathways, ligand binding and dynamics
of the catalytic site in haem-copper oxygen reductases: a comparison
between the three families, Biochim. Biophys. Acta 1655 (2004) 340–346.
[15] S. Iwata, C. Ostermeier, B. Ludwig, H. Michel, Structure at 2.8 Å
resolution of cytochrome c oxidase from Paracoccus denitrificans, Nature
376 (1995) 660–669.
[16] T. Tsukihara, H. Aoyama, E. Yamashita, T. Takashi, H. Yamaguichi, K.
Shinzawa-Itoh, R. Nakashima, R. Yaono, S. Yoshikawa, The whole
structure of the 13-subunit oxidized cytochrome c oxidase at 2.8 Å,
Science 272 (1996) 1136–1144.
1391S.A. Siletsky et al. / Biochimica et Biophysica Acta 1767 (2007) 1383–1392[17] A.A. Konstantinov, S. Siletsky, D. Mitchell, A. Kaulen, R.B. Gennis, The
roles of the two proton input channels in cytochrome c oxidase from
Rhodobacter sphaeroides probed by the effects of site-directed mutations
on time resolved electrogenic intraprotein proton transfer, Proc. Natl.
Acad. Sci. U. S. A. 94 (1997) 9085–9090.
[18] A. Kannt, T. Soulimane, G. Buse, A. Becker, E. Bamberg, H. Michel,
Electrical current generation and proton pumping catalyzed by the ba3-
type cytochrome c oxidase from Thermus thermophilus, FEBS Lett.
434 (1998) 17–22.
[19] C.M. Gomes, C. Backgren, M. Teixeira, A. Puustinen, M.L. Verkhovskaya,
M.Wikstrom,M.I. Verkhovsky,Heme-copper oxidaseswithmodifiedD- and
K-pathways are yet efficient proton pumps, FEBS Lett. 497 (2001) 159–164.
[20] P.A. Williams, N.J. Blackburn, D. Sanders, H. Bellamy, E.A. Stura, J.A. Fee,
D.E. McRee, The CuA domain of Thermus thermophilus ba3-type cyto-
chrome c oxidase at 1.6 A resolution, Nat. Struct. Biol. 6 (1999) 509–516.
[21] Q.H. Gibson, C. Greenwood, Reactions of cytochrome oxidase with
oxygen and carbon monoxide, Biochem. J. 86 (1963) 541–554.
[22] D.A. Proshlyakov, M.A. Pressler, C. DeMaso, J.F. Leykam, D.L. DeWitt,
G.T. Babcock, Oxygen activation and reduction in respiration: involve-
ment of redox-active tyrosine 244, Science 290 (2000) 1588–1591.
[23] S. Yoshikawa, K. Shinzawa-Itoh, R. Nakashima, R. Yaono, N. Inoue, M.
Yao, M.J. Fei, C.P. Libeu, T. Mizushima, H. Yamaguchi, T. Tomizaki, T.
Tsukihara, Redox-coupled crystal structural changes in bovine heart
cytochrome c oxidase, Science 280 (1998) 1723–1729.
[24] G. Buse, T. Soulimane, M. Dewor, H.E. Meyer, M. Bloggel, Evidence for a
copper coordinated histidine-tyrosine crosslink in the active site of
cytochrome oxidase, Prot. Sci. 8 (1999) 985–990.
[25] V. Rauhamäki, M. Baumann, R. Soliymani, A. Puustinen, M. Wikström,
Identification of a histidine-tyrosine cross-link in the active site of the
cbb3-type cytochrome c oxidase from Rhodobacter sphaeroides, Proc.
Natl. Acad. Sci. U. S. A. 103 (2006) 16135–16140.
[26] G.T. Babcock, How oxygen is activated and reduced in respiration, Proc.
Natl. Acad. Sci. U. S. A. 96 (1999) 12971–12973.
[27] S.A. Siletsky, D. Han, S. Brand, J.E. Morgan, M. Fabian, L. Geren, F.
Millett, B. Durham, A.A. Konstantinov, R.B. Gennis, Single-electron
photoreduction of the PM intermediate of cytochrome c oxidase, Biochim.
Biophys. Acta 1757 (2006) 1122–1132.
[28] M. Oliveberg, P. Brzezinski, B.G. Malmström, The effect of pH and
temperature on the reaction of fully reduced andmixed-valence cytochrome
c oxidase with dioxygen, Biochim. Biophys. Acta 977 (1989) 322–328.
[29] M.I. Verkhovsky, J.E. Morgan, M. Wikström, Oxygen binding and
activation: early steps in the reaction of oxygen with cytochrome c oxidase,
Biochemistry 33 (1994) 3079–3086.
[30] J.E. Morgan, M.I. Verkhovsky, M. Wikström, Observation and assignment
of peroxy and ferryl intermediates in the reduction of dioxygen to water by
cytochrome c oxidase, Biochemistry 35 (1996) 12235–12240.
[31] A. Sucheta, I. Szundi, O. Einarsdottir, Intermediates in the reaction of fully
reduced cytochrome c oxidase with dioxygen, Biochemistry 37 (1998)
17905–17914.
[32] R.B. Gennis, Multiple proton-conducting pathways in cytochrome oxidase
and a proposed role for the active-site tyrosine, Biochim. Biophys. Acta
1365 (1998) 241–248.
[33] M.Karpefors, P. Adelroth, A. Namslauer, Y. Zhen, P. Brzezinski, Formation
of the “peroxy” intermediate in cytochrome c oxidase is associated with
internal proton/hydrogen transfer, Biochemistry 39 (2000) 14664–14669.
[34] B.C. Hill, C. Greenwood, The reaction of fully reduced cytochrome c
oxidase with oxygen studied by flow-flash spectrophotometry at room
temperature, Biochem. J. 218 (1984) 913–921.
[35] C. Ribacka, M.I. Verkhovsky, I. Belevich, D.A. Bloch, A. Puustinen, M.
Wikström, An elementary reaction step of the proton pump is revealed by
mutation of tryptophan-164 to phenylalanine in cytochrome c oxidase from
Paracoccus denitrificans, Biochemistry 44 (2005) 16502–16512.
[36] B.C. Hill, The reaction of the electrostatic cytochrome c–cytochrome
oxidase complex with oxygen, J. Biol. Chem. 266 (1991) 2219–2226.
[37] A. Namslauer, A. Aagaard, A. Katsonouri, P. Brzezinski, Intramolecular
proton-transfer reactions in a membrane-bound proton pump: the effect of
pH on the peroxy to ferryl transition in cytochrome c oxidase, Biochemistry
42 (2003) 1488–1498.[38] K. Faxen, G. Gilderson, P. Ädelroth, P. Brzezinski, A mechanistic principle
for proton pumping by cytochrome c oxidase, Nature 437 (2005) 286–289.
[39] D. Zaslavsky, A. Kaulen, I.A. Smirnova, T.V. Vygodina, A.A. Konstanti-
nov, Flash-induced membrane potential generation by cytochrome c
oxidase, FEBS Lett. 336 (1993) 389–393.
[40] D.L. Zaslavsky, I.A. Smirnova, S.A. Siletsky, A.D. Kaulen, F. Millett, A.A.
Konstantinov, Rapid kinetics of membrane potential generation by
cytochrome c oxidase with the photoactive Ru(II)-tris-bipyridyl derivative
of cytochrome c as electron donor, FEBS Lett. 359 (1995) 27–30.
[41] M.I. Verkhovsky, J.E. Morgan, M. Verkhovskaya, M. Wikström, Trans-
location of electrical charge during a single turnover of cytochrome-c
oxidase, Biochim. Biophys. Acta 1318 (1997) 6–10.
[42] S. Siletsky, A.D. Kaulen, A.A. Konstantinov, Resolution of electrogenic
steps coupled to conversion of cytochrome c oxidase from the peroxy to
the ferryl-oxo state, Biochemistry 38 (1999) 4853–4861.
[43] A. Jasaitis, M.I. Verkhovsky, J.E. Morgan, M.L. Verkhovskaya, M.
Wikström, Assignment and charge translocation stoichiometries of the
major electrogenic phases in the reaction of cytochrome c oxidase with
dioxygen, Biochemistry 38 (1999) 2697–2706.
[44] T. Soulimane, R. Kiefersauer,M.E. Than, Contribution for academic press: A
practical guide to membrane protein purification and crystallization (2002)
229–251.
[45] M.I. Verkhovsky, A. Tuukkanen, C. Backgren, A. Puustinen, M. Wikström,
Charge translocation coupled to electron injection into oxidized cytochrome c
oxidase from Paracoccus denitrificans, Biochemistry 40 (2001) 7077–7083.
[46] L.A. Drachev, A.A. Jasaitis, A.D. Kaulen, A.A. Kondrashin, E.A.
Liberman, I.B. Nemecek, S.A. Ostroumov, A.Y. Semenov, V.P. Skulachev,
Direct measurement of electric current generation by cytochrome oxidase,
H+-ATPase and bacteriorhodopsin, Nature 249 (1974) 321–324.
[47] A. Sucheta, K.E. Georgiadis, O. Einarsdottir, Mechanisms of cytochrome c
oxidase-catalyzed reduction of dioxygen to water: evidence for peroxy and
ferryl intermediates at room temperature, Biochemistry 36 (1997) 554–565.
[48] P. Ädelroth, M. Ek, P. Brzezinski, Factors determining electron-transfer
rates in cytochrome c oxidase: investigation of the oxygen reaction in the
R. sphaeroides enzyme, Biochim. Biophys. Acta 1367 (1998) 107–117.
[49] B. Chance, N. Graham, V. Legallais, Low temperature trapping method for
cytochromeoxidase oxygen intermediates,Anal.Biochem. 67 (1975) 552–579.
[50] B.C. Hill, C. Greenwood, Spectroscopic evidence for the participation of
compound A (Fea3
2+–O2) in the reaction of mixed-valence cytochrome c
oxidase with oxygen at room temperature, Biochem. J. 215 (1983) 659–667.
[51] M.I. Verkhovsky, J.E. Morgan, A. Puustinen, M. Wikström, The “ferrous-
oxy” intermediate in the reaction of dioxygen with fully reduced
cytochromes aa3 and bo3, Biochemistry 35 (1996) 16241–16246.
[52] M. Wikström, Energy-dependent reversal of the cytochrome oxidase
reaction, Proc. Natl. Acad. Sci. U. S. A. 78 (1981) 4051–4054.
[53] M. Wikström, J.E. Morgan, The dioxygen cycle. Spectral, kinetic, and
thermodynamic characteristics of ferryl and peroxy intermediates observed
by reversal of the cytochrome oxidase reaction, J. Biol. Chem. 267 (1992)
10266–10273.
[54] I.A. Smirnova, P. Ädelroth, R.B. Gennis, P. Brzezinski, Aspartate-132 in
cytochrome c oxidase from Rhodobacter sphaeroides is involved in a two-
step proton transfer during oxo-ferryl formation, Biochemistry 38 (1999)
6826–6833.
[55] M.I. Verkhovsky, A. Jasaitis, M.L. Verkhovskaya, J.E. Morgan, M.
Wikström, Proton translocation by cytochrome c oxidase, Nature 400 (1999)
480–483.
[56] G.L. Liao, G. Palmer, The reduced minus oxidized difference spectra of
cytochromes a and a3, Biochim. Biophys. Acta 1274 (1996) 109–111.
[57] I. Belevich,M.I. Verkhovsky, M.Wikström, Proton-coupled electron transfer
drives the proton pump of cytochrome c oxidase, Nature 440 (2006)
829–832.
[58] S. Hallen, P. Brzezinski, B.G. Malmström, Internal electron transfer in
cytochrome c oxidase is coupled to the protonation of a group close to the
bimetallic site, Biochemistry 33 (1994) 1467–1472.
[59] I. Belevich, A. Tuukkanen, M. Wikström, M.I. Verkhovsky, Proton-
coupled electron equilibrium in soluble and membrane-bound cytochrome
c oxidase from Paracoccus denitrificans, Biochemistry 45 (2006)
4000–4006.
1392 S.A. Siletsky et al. / Biochimica et Biophysica Acta 1767 (2007) 1383–1392[60] W.H. Woodruff, O. Einarsdottir, R.B. Dyer, K.A. Bagley, G. Palmer, S.J.
Atherton, R.A. Goldbeck, T.D. Dawes, D.S. Kliger, Nature and functional
implications of the cytochrome a3 transients after photodissociation of CO-
cytochrome oxidase, Proc. Natl. Acad. Sci. U. S. A. 88 (1991) 2588–2592.
[61] M. Wikström, M.I. Verkhovsky, G. Hummer, Water-gated mechanism of
proton translocation by cytochrome c oxidase, Biochim. Biophys. Acta
1604 (2003) 61–65.[62] S.A. Siletsky, A.S. Pawate, K. Weiss, R.B. Gennis, A.A. Konstantinov,
Transmembrane charge separation during the ferryl-oxo→oxidized
transition in a nonpumping mutant of cytochrome c oxidase, J. Biol.
Chem. 279 (2004) 52558–52565.
[63] J.E. Morgan, M.I. Verkhovsky, G. Palmer, M. Wikström, Role of the PR
intermediate in the reaction of cytochrome c oxidase with O2,
Biochemistry 40 (2001) 6882–6892.
